[1] Using a Mars general circulation model (GCM), we investigate the characteristics of gravity waves in the atmosphere of Mars. Fluctuations due to internal gravity waves at tidal periods, such as diurnal, semidiurnal, and terdiurnal tides, are predominant in the lower atmosphere. In particular, the diurnal and semidiurnal tides having large zonal wave numbers (s > 10) are significant. Fluctuations associated with nontidal gravity wave components in the lower atmosphere are negligibly small except for the stationary orographic component. Nontidal gravity waves grow in amplitude in the middle atmosphere, while tidal components remain the dominant form of gravity waves. In the upper atmosphere (>80 km), nontidal gravity wave components and fluctuations due to the diurnal and semidiurnal tides having large zonal wave numbers are equally important. We estimate the global distributions of the gravity wave energy at various altitudes and attempt to define various sources. Our results show that most nontidal gravity wave energy is closely related with the diurnal amplitude except in the lower atmosphere where association with orography predominates. This suggests that nonorographic gravity waves are generated by the breaking and dissipation of the diurnal tide. On the other hand, nontidal gravity wave energy in the lower atmosphere peaks in mountainous regions and points to their source as being of orographic nature. We also enumerate the major differences between gravity waves on Mars and Earth as simulated by global models. 
Introduction
[2] The Martian atmosphere is much thinner than Earth's atmosphere, thus atmospheric tides play a more significant role on Mars than on Earth. Using radio occultation measurements by Mars Global Surveyor (MGS) data, Hinson and Wilson [2004] showed that significant temperature inversions were frequently observed in the equatorial lower atmosphere (∼30 km altitude). They indicated that these temperature inversions were due to nonmigrating thermal tides excited by the effects of surface topography. In the upper atmosphere (90∼160 km), large variations of the density with longitude are found in a fixed local time frame . This longitudinal variability was later attributed to vertically propagating nonmigrating tides [Moudden and Forbes, 2008a, hereafter MF08] .
[3] Gravity waves play an important role in the general circulation of the middle atmosphere of Earth [Vincent and Fritts, 1987; Reid and Vincent, 1987] . The closing of the westward and eastward jets and the reversal of the zonal wind in the mesopause region are maintained by gravity wave drag [Matsuno 1982; Lindzen, 1981; Hines, 1997; Warner and McIntyre, 2001] . General circulation models (GCMs) with high horizontal and vertical resolutions have been used to study the characteristics of gravity waves in Earth's middle atmosphere, their tropospheric sources, vertical propagation and dissipation [e.g., Hayashi et al., 1989 Hayashi et al., , 1997 Jones et al., 1997] . These GCM simulations indicate that cumulus convection in the tropics is one of the main sources of gravity waves in the middle atmosphere. Miyoshi and Fujiwara [2008] investigated the upward propagation of gravity waves from the troposphere to the thermosphere and showed that vertically propagating gravity waves from the lower atmosphere play an important role in the thermospheric general circulation. Using the spectral nonlinear gravity wave parameterization of Yiğit et al. [2008] that self-consistently accounts for the dissipation of gravity waves appropriate for thermospheric heights, demonstrated significant dynamic role of gravity waves of lower atmospheric origin on the circulation of the thermosphere above the turbopause. Vadas and Liu [2009] investigated the thermopsheric body force associated with convectively generated gravity waves.
[4] As for gravity waves in the Martian atmosphere, MGS data have revealed wave-like structures associated with gravity waves [Fritts et al., 2006; Creasey et al., 2006b] . The observed density perturbations due to gravity waves in the upper atmosphere are significantly stronger in winter than in spring/ summer. Creasey et al. [2006a] examined the characteristics of gravity waves in the lower atmosphere and showed that their activity is significant in the tropics and over the mountains. They also concluded that, while the distribution of gravity wave activity correlates well with topography in some cases, orographic forcing estimated by gravity wave drag schemes fails to account for all the apparent gravity wave activity, thus pointing toward the existence of nonorographic sources in the Martian lower atmosphere.
[5] Because of a limited number of global observations in the Martian atmosphere, the sources and features of gravity waves are not well known. In particular, the questions related to nonorographic sources remain unexplored. Although GCM simulations have proven to be very useful in studying gravity waves on Earth, only a few numerical studies concerning gravity waves on Mars have been performed [e.g., Joshi et al., 1995; Forget et al., 1999] . Using the gravity wave drag parameterization by Lindzen [1981] , Joshi et al. [1995] examined the effect of the gravity wave drag on the momentum balance of the Martian atmosphere at altitudes from 40 to 80 km. However, the horizontal resolution of their GCM is about 6°latitude by 6°longitude, so that the model cannot simulate the excitation and propagation of gravity waves explicitly. Using the extended gravity wave parameterization by Yiğit et al. [2008] that has been developed within the framework of a terrestrial GCM, Medvedev et al. [2011] addressed the momentum budget in the upper atmosphere of Mars, quantifying the gravity wave effects of lower atmospheric origin. The purpose of this study is to investigate the excitation and propagation of gravity waves using a Mars GCM with higher horizontal resolution. The numerical model used in this study is the Global Mars Multiscale Model (GMMM) developed by Moudden and McConnell [2005] . Because of the absence of cumulus convection in the Martian atmosphere, excitation sources and features of gravity waves on Mars are expected to be somewhat different from their terrestrial counterparts. Descriptions of the GMMM used in this study and the numerical simulations are presented in section 2. The results and discussion are presented in sections 3 and 4, respectively. A summary follows in section 5.
Description of the GMMM Model and Numerical Simulations
[6] The model used in this study is the GMMM [Moudden and McConnell, 2005] . The horizontal resolution is 2°× 2°i n the latitude and longitude directions, which is high enough for investigating gravity waves whose horizontal wavelength is larger than about 200 km. The model has 50 vertical levels extending from the surface to 170 km. The time step is 0.01 Martian solar day (sol) or 887.75 s. The model incorporates fully compressible dynamics and different physics parameterizations relating to dust, radiative, turbulent, and surface processes. The topography used by the model is finer than the grid used here, which allows for a proper representation of surface drag. Although clouds of water and carbon dioxide are present, they not are expected to induce any significant type of gravity waves as is the case on Earth. Namely, the convective activity in the Martian atmosphere is much weaker than that in the terrestrial atmosphere. We therefore forgo the representation of any drag produced by clouds. Detailed descriptions of the model are found in the studies by Moudden and McConnell [2005] and Forbes [2008a, 2008b] . Data are sampled over 12 sol near the northern summer solstice. This season is chosen because the gravity wave activity in the lower atmosphere is believed to be stronger during the northern summer season according to Creasey et al. [2006a] .
Simulated Excitation Conditions and Gravity Wave Characteristics

Zonal Mean Zonal Wind
[7] We first examine the latitude-altitude distribution of the zonal mean zonal wind because of its importance for the upward propagation of gravity waves. Figure 1 shows the latitude-altitude cross section of the zonal mean zonal wind averaged over 12 sols. Strong westward and eastward winds appear in the northern summer and southern winter hemispheres, respectively. The eastward (westward) jet is located at 60°S-70°S (10°N-20°N) with a peak value of 130 (−100) m/s. The zonal wind decreases with increasing altitude above 50 km. The reversal of the zonal wind occurs at 80-100 km altitudes in low latitudes, and at 100-130 km altitudes in the middle and high latitudes of the Northern Hemisphere. This suggests the importance of the zonal momentum deposition due to the upward propagation of gravity waves. The zonal mean meridional wind and temperature distributions simulated by the GMMM are given by Moudden and Forbes [2008b] .
Spectral Analysis
[8] A space-time Fourier analysis similar to the analysis introduced by Hayashi [1971] was performed to investigate the frequency-zonal wave number distribution of atmospheric waves simulated by the GMMM. Figure 2 presents the distribution of spectral density due to the zonal wind component at the equator. The equatorial latitude is chosen since the observational study by Creasey et al. [2006a] reveals that the activity of gravity waves in the lower atmosphere is the strongest near the equator. The wave with a frequency s = −1 cycles/sol denotes the westward-moving diurnal tide, while the wave with s = 1 cycles/sol is the eastward-moving diurnal tide. At an altitude of 10 km (Figure 2a ), the diurnal (s = ±1) and semidiurnal (s = ±2) components are predominant. It is noteworthy that spectral peaks due to diurnal and semidiurnal tides having large zonal wave numbers (s > 10), which are due to nonmigrating (solarasynchronous) tides, are clearly seen. Furthermore, some spectral density associated with higher modes of the tide (s = ±3, 4, 5, …) is found. The term "tidal gravity wave" denotes diurnal, semidiurnal, and terdiurnal tides and their higher modes having large zonal wave numbers, while "nontidal gravity wave" denotes gravity waves having nontidal frequencies (s ≠ ±1, 2, 3 …). Stationary components (s = 0) are also evident. We will show that these stationary components are orographic gravity waves excited by the surface topography (see section 3.4). On the other hand, the spectral density due to nontidal components is negligibly small except for the stationary component.
[9] The spectral distributions at altitudes of 30 and 50 km are shown in Figures 2b and 2c , respectively. Diurnal, semidiurnal, terdiurnal, and stationary components are significant for s = 1-50. It should be noted that stationary components with s = 35-40 are enhanced at 50 km altitude.
For s = 1-20, power spectra due to nontidal waves with frequencies from −5 to 3 (−10 to 6) cycles/sol are found at 30 (50) km altitude. These nontidal components are considered to be due to gravity waves.
[10] The spectral density at 85 km altitude ( Figure 2d ) shows a broader frequency spectral distribution than those at 10, 30, and 50 km. At 85 km, spectral peaks due to diurnal, semidiurnal, and stationary components, which are clearly seen at 50 km, are barely visible. Furthermore, wave components with s > 40 are negligibly small at 85 km.
[11] We also examine the vertical structure of the spectral distribution. Figures 3a and 3b presents the frequencyheight distribution of the spectral density of the zonal wind component at the equator for s = 10 (zonal wavelength l x ≈ 2000 km) and 20 (l x ≈ 1000 km). For the s = 10 and s = 20 components, the tidal and stationary components are significant below 15 km and 25 km, respectively. The magnitude of the spectral density due to nontidal components increases with height, and broader frequency distributions of the spectral density due to nontidal components appear above 40 km.
[12] The features of the spectral density distribution for s = 30 (Figure 3c magnitude of the nontidal components increases with increasing height, and discrete peaks associated with the tidal components becomes less distinct as nontidal amplitudes reach values comparable to tidal ones.
[13] The vertical spectral distribution for s = 40 is shown in Figure 3d . The stationary component is significant below 60 km altitude. The spectral density due to the stationary component reaches its maximum at 50 km, and the magnitude of the stationary component decreases with increasing height above about 50 km. This result indicates that breaking/ dissipation of the stationary component occurs around 50 km. It is noteworthy that not only the stationary component, but also tidal and gravity wave components are enhanced in the 40-60 km region. The magnitude of the spectral density above 60 km for large zonal wave numbers (s ∼ 40) is much smaller than that for smaller ones (s < 20). In Figures 2 and 3 , the spectral distributions of the zonal wind component at the equator are shown. Although not shown, similar features of the spectral distributions are found at other latitudes and in other atmospheric fields (meridional wind, temperature, and density) and these conclusions remain true at latitudes beyond the equatorial regions. Namely, the tides excited by the solar radiation are dominant near the surface at all latitudes, and the amplitude of nontidal waves increases with height.
Diurnal and Semidiurnal Tides
[14] Because of their importance in the atmosphere of Mars, we examine the diurnal and semidiurnal tides separately in this section. Figure 4a shows the longitude-latitude distribution of the diurnal tidal amplitude in the zonal wind field at 20 km altitude. The amplitude maximizes around the equator and near prominent surface features like the Tharsis region (15°S-15°N and 90°W-120°W). Another peak of the diurnal tidal amplitude at low latitudes appears around the 30°E-70°E sector, which is located over the highland terrain. The diurnal tide is also stronger in the Northern Hemisphere than in the Southern Hemisphere. The wave-2 longitudinal structure is significant, and correlates relatively well with the surface topography. GMMM uses the highresolution Mars Orbiter Laser Altimeter topography and can be found in Figure 3a of MF08.
[15] Figure 4b shows the diurnal amplitude distribution at 60 km altitude. Note the wave 3-4 longitudinal structure at low latitudes, and the wave-2 structure poleward of 60°N. At 85 km altitude ( Figure 4c ) the largest amplitudes are located in a latitude band between 10°S and 50°N with a clear wave 2-3 longitudinal variation. The global distribution of the diurnal amplitude at 60 and 85 km, which does not correlate in any visible way with surface topography, is quite different from that at 20 km. Namely, the longitudinal structure of the diurnal tide amplitude in the lower atmosphere is determined by the in situ diurnal tide excited near the surface, while the diurnal amplitude at 60 and 85 km heights consists of upward-propagating migrating and nonmigrating diurnal tides generated in the lower atmosphere.
[16] At 115 km altitude (Figure 4d ), the wave 2-3 structure is dominant within ±60°in latitude. These longitudinal variations of the diurnal amplitude are caused by vertically and zonally propagating nonmigrating diurnal tides [Joshi et al., 2000; Hagan and Forbes, 2002] . Most of these nonmigrating diurnal tides are generated by an interaction between the migrating diurnal tide and the dominant topography harmonics [MF08] .
[17] In order to investigate the vertical structure of the diurnal amplitude in detail, longitude-altitude cross-section plots of the zonal wind diurnal amplitudes are shown in Figure 5 . The equator is chosen because the amplitude below 70 km reaches its maximum near the equator. The longitudinal variation of the diurnal amplitude is significant at all heights. In particular, below 20 km, the diurnal amplitude has a complicated structure, indicating the importance of the diurnal tide with large zonal wave numbers (small zonal wavelength). The maximum amplitude below 30 km is located over elevated terrain in the Tharsis region. The maximum amplitude at 60 km is 55 m/s, which appears around 50°W. The location of the maximum amplitude moves eastward with increasing height and the maximum at 90 km is located at 10°E. Other peaks at 90 km are found at 110°E, 180°E, 120°W, and 60°W.
[18] Next, the zonal wave number-altitude distribution of the diurnal amplitude at the equator is examined in Figure 6 . In the altitude range from 60 to 80 km, eastward-moving components with s = 1-6 are dominant. The amplitude of eastward-moving tide with s = 3 and 4 is 12 m/s, which is comparable to that with s = 1 and 2. The amplitude of eastward-moving components with s = 3-10 reaches its maximum in the 60-80 km region, and decreases with increasing altitude above 80 km. This means that breaking of eastward components with s = 3-10 occurs around 60-80 km. Above 100 km eastward moving components with s = 1 and 2 have the largest amplitudes and amplify with altitude which corroborates the results in MF08. As for westward-moving diurnal components, the migrating tide (s = −1) is dominant with a maximum amplitude of 12 m/s at 25 km.
[19] Figure 7 shows the longitude-altitude distribution of the semidiurnal amplitude of the zonal wind component at the equator. The semidiurnal tide also has significant longitudinal variations at all heights. The longitudinal distribution of the semidiurnal amplitude near the surface shows a dominance of small-scale (about 10°in longitude) features indicating the importance of the semidiurnal tide with large zonal wave numbers. The maximum amplitude at 20-40 km is 5-6 m/s, while that at 90-100 km is 25-30 m/s. It is noteworthy that a distinct peak of 30 m/s is found around 0-20°E at 55-60 km altitudes. Thus, the amplitude of the semidiurnal tide is smaller than that of the diurnal tide by a factor of 3-4 on average.
Orographic Gravity Waves
[20] The spectral analysis in section 3.2 reveals that the spectral density due to the stationary component (s = 0) reaches its maximum near 50 km altitude (Figures 3c and 3d ). In this section we examine the behavior of stationary waves and show that they are mostly due to the interaction of the airflow with surface irregularities. For that purpose we estimate the vertical zonal momentum flux per unit mass (u′w′) (u′ and w′ denote the zonal and vertical wind fluctuation components, respectively, and positive values of u′ and w′ indicate eastward and upward winds, respectively) consisting of the stationary wave component (s = 0) at 50 km. u′ and w′ associated with the stationary wave component are extracted using a low-pass filter [Ormsby, 1961] . Wave components with frequencies less than 0.1 cycles/sol are used as the stationary component. Figure 8 (top) shows the global distribution of the convergence of the vertical eddy momentum flux (−d(u′w′)/dz) (z denotes height) consisting of stationary eddy components with s > 5 at 50 km. Eastward acceleration is evident in the Western Hemisphere at low latitudes between 30°S and 30°N. The maximum eastward acceleration with a value of 40 m/s/sol is located near Tharsis Montes (0°N-15°N  and 100°W-130°W ). Other peaks are found near Olympus Montes (20°N and 140°W-160°W) , and around 10°N-20°N and 60°W-100°W corresponding to the Valles Marineris. Thus, the region of strong eastward accelerations correlates well with complex terrain features, indicating that the stationary waves with high zonal wave numbers (>5) are indeed excited by orographic irregularities.
[21] Figure 8 (bottom) shows the global distribution of the zonal wind at 50 km. The westward jet with a maximum value of −120 m/s is found at low latitudes between the equator and 30°N. The westward jet at low latitudes attenuates in the 80°W-180°W longitude sector, which corresponds to the region where the eastward acceleration due to orographic gravity waves is generated. Another region of the relatively weak westward jet at low latitudes is found in the 100°E-180°E sector, which is located on the leeward of the strong eastward acceleration region. This result indicates that stationary waves excited by surface topography affect the longitudinal distribution of the zonal wind at low latitudes. Momentum is thus transferred from the surface through gravity waves to the large-scale atmospheric circulation. 
Tidal Sources of Gravity Waves
[22] On the basis of the results mentioned above, we investigate excitation sources of nontidal gravity waves. Using a high-pass filter, the wind components with a frequency larger than 3 cycles/sol (s > 3 or s < −3 cycles/sol) are extracted as nontidal gravity waves. Figure 9 shows the kinetic energy distribution per unit mass in a longitudealtitude plot, and the values are averaged near the equator between 5°N and 5°S. The energy maximum at 60 km altitude is located around 60°W. This maximum moves eastward with increasing altitude, and at 90 km it is located around 0°E. Another energy peak at 90 km is found around 120°E-150°E.
[23] In section 3.3, we showed that breaking/dissipation of eastward moving diurnal tides with s = 3-10 occurs in the 60-80 km altitude region. Comparing Figure 5 and Figure 9 , the longitudinal distribution of kinetic energy due to gravity waves in the 40-90 km altitude range is quite similar to the longitudinal distribution of the largest diurnal amplitudes. Namely, the kinetic energy due to gravity waves in the 60-90 km layer is significant over the region where the diurnal amplitude is enhanced except for the peak region around 0°E
and 55-60 km altitudes. The semidiurnal amplitude has a peak around 0°E-20°E and 55-60 km altitudes (Figure 7) , where the gravity wave kinetic energy has a maximum. We will show that these correlations can be explained by the fact that gravity waves are mainly generated by the breaking and dissipation of the diurnal or semidiurnal tides.
[24] Here we attempt to examine in more detail the relationship between gravity waves and diurnal tides. The longitude-latitude distributions of the gravity wave kinetic energy at various altitudes are shown in colors in Figure 10 . For comparison, the distributions of the diurnal amplitude are superimposed in black contours. At 17-20 km altitudes, the gravity wave energy maximizes over the mountainous Tharsis Montes region. Other peaks at low latitudes appear at 20°N 140°W, 40°N 120°W, and 15°N 135°E, where isolated mountains are located. These peaks in gravity wave kinetic energy are associated with significant surface irregularities rather than with peaks in the diurnal amplitudes. In the Southern Hemisphere, gravity wave energy peaks are found near the Hellas Planitia (30°S-40°S and 60°E-90°E) and at high latitudes (60°S and 30°W-10°W, and 75°S and 140°W-110°W). We surmise from this analysis that gravity waves in the lower atmosphere of Mars are mostly related to surface topography. Using the MGS radio occultation measurements, Creasey et al. [2006a] derived the global distribution of gravity wave activity in the lower atmosphere. A comparison between these MGS-based derivations and the results discussed in this paragraph is provided in section 4.1.
[25] At 60-65 km altitudes, both gravity wave energy and diurnal amplitudes are high at low latitudes in the Northern Hemisphere (Figure 10b ). The maximum in the kinetic energy related to gravity waves is located at 10°N 50°W, which coincides with the absolute peak in diurnal amplitudes. There is no visible correlation between the global distribution of gravity wave energy and surface topography at these altitudes. The features of gravity wave energy at 80-85 km (Figure 10c ) are similar to those at 60-65 km. Namely, it is large between the equator and 40°N, and correlates relatively well with the diurnal amplitude.
[26] At 110-115 km altitudes, gravity wave energy is significantly enhanced at high latitudes, especially in the Southern Hemisphere. This enhancement at 50°S-80°S starts above 100 km. In contrast, diurnal amplitudes at the same latitudes (50°S-80°S) are low at all altitudes. This high activity in gravity waves in the 50°S-80°S latitude band, however, can be associated with the strong eastward jet that dominates the atmospheric circulation at these latitudes (Figures 1 and 8) . Other secondary peaks in gravity waves are located in the low latitudes of the Southern Hemisphere (10°S-25°S, 150°E-120°W), and the middle latitudes in the Northern Hemisphere (40°N-60°N, 60°W-130°E ). These peaks can be linked to the enhancement in diurnal amplitudes.
[27] On the basis of these results, we can conclude that most of the gravity wave activity is related to the diurnal or semidiurnal tides except in the lower atmosphere. This analysis suggests that nonorographic gravity waves are mainly generated by the breaking and dissipation of diurnal or semidiurnal tide. On the other hand, in the lower troposphere, gravity waves peak in mountainous regions like Tharsis Montes and are forced by surface drag.
Wave Mean Flow Interaction
[28] Some of the gravity waves generated in the 50-80 km altitude region propagate upward into the upper atmosphere. In this section, we investigate the interaction of upwardpropagating gravity waves and the zonal wind in the 80-130 km altitude region where the westward and eastward jets decrease significantly with increasing height (Figure 1 ). Figure 11 (top) shows the convergence of the vertical eddy momentum flux (-d(u′w′)/dz) due to gravity waves with a frequency larger than 3 cycles/sol and with s >5 at 30°N and 110°E. This location is chosen because the amplitude of the diurnal variation of the zonal wind at 80-110 km is the largest (Figures 4c and 4d) . The diurnal modulation of momentum deposition by dissipating gravity waves is significant above 80 km. The convergence of momentum flux shows clear diurnal variations. Eastward acceleration with a maximum of 7 m/s/sol during the period of 0.1-0.6 of the shown simulated sol appears in the 80-95 km altitude region, while westward acceleration is evident at 90-110 km during the same period. Eastward acceleration resumes above 110 km with a peak value of 9 m/s/sol. Although not shown, this diurnal modulation of the zonal acceleration is also found at other latitudes.
[29] The diurnal variation of the zonal wind at the same location (30°N 110°E) is shown in Figure 11 (bottom). The reversal of the zonal wind occurs in the 80-110 km altitude region, and the diurnal variation of the zonal wind is predominant because of the large amplitude of the diurnal tide. Eastward and westward accelerations due to gravity waves occur in the region where the mean zonal wind is westward and eastward, respectively, indicating the gravity wave interaction with the background zonal wind. This diurnal modulation of momentum deposition by dissipating gravity waves is a well-known mechanism in Earth's mesosphere and lower thermosphere [e.g., Forbes et al., 1991] .
Discussions
Comparison With Creasey et al. [2006a]
[30] Using the MGS radio occultation data, Creasey et al. [2006a] investigated the global distribution of gravity waves in the lower atmosphere. Their analysis shows that gravity waves are enhanced over the tropics and the mountains. In particular, the gravity wave activity has significant longitudinal variability, and is very high over the Tharsis region. They also show that some of the gravity wave energy does not correlate with topography, suggesting the existence of gravity wave sources other than surface topography.
[31] The analysis we performed here shows that the gravity wave activity in the lower atmosphere is enhanced in the tropics and the Tharsis region, which is consistent with the observational conclusions in Creasey et al. [2006a] . Some discrepancies between the results in the study by Creasey et al. [2006a] and the present study deserve to be noted. For example, there is no equivalent for the energy peak around 0°E-60°E in low latitudes, as seen in the MGS analysis, in our simulations; and the energy peaks over Halles Planitia and over high latitudes of the Southern Hemisphere predicted by our simulations do not exist in the observations. Further investigation is required to understand the global distribution of the gravity wave activity in the lower atmosphere and to comprehend these discrepancies. An explanation could be found in the different methods we use to discriminate gravity waves from tides. In order to separate tides from gravity waves, a high-pass filter with a cutoff vertical wavelength greater than 10 km is used by Creasey et al. [2006a] . In this study, wave components with a frequency larger than 3 cycles/sol are extracted for gravity wave components, because the diurnal tides with small horizontal wavelength have large amplitudes. Figure 12 shows the time-altitude cross section of the zonal wind component due to the diurnal tide with s > 20 at the equator and a fixed longitude (32°E) obtained in this study. Below 20 km altitude, the phase line descends with time, indicating upward-propagating waves. The vertical wavelength due to the small-scale diurnal tide is about 10 km. Therefore, it is difficult to distinguish the gravity waves from the diurnal tides by their vertical wavelengths. We suggest that the global distribution of the gravity waves obtained in Creasey et al. [2006a] is contaminated by the small-scale diurnal tide.
Excitation of Gravity Waves by the Tidal Breaking
[32] In this section we discuss the generation of gravity waves by tidal breaking. Using a numerical model of the terrestrial atmosphere, Vadas et al. [2003] showed that gravity waves from the lower atmosphere break or meet their critical levels in the mesosphere, and secondary gravity waves are then excited by the breaking of mesospheric gravity waves. This does not appear to be the case on Mars. However, it is not well known that tidal wave breaking can also generate gravity waves.
[33] Wu et al. [1989] investigated the nonlinear behavior of the migrating diurnal tide using a nonlinear model of the terrestrial atmosphere. In their model, the upward propagation of the migrating diurnal tide of lower atmospheric origin and its breaking in the lower thermosphere are examined. The wave amplitudes in low latitudes grow exponentially with height, but the growth ceases at about 90 km height and the wave amplitudes become approximately constants at altitudes from 90 to 120 km. In the 90-120 km height region, the dry convective instability due to the result of tidal wave breaking occurs locally. The dry convective instability induces deformation of the tidal waveshape from a purely sinusoidal in the zonal direction that is clearly seen below 80 km height. This wave deformation becomes remarkable as the height increases, and the waves with smaller horizontal wavelength appear above 100 km height (see Figures 9 and 10 of Wu et al. [1989] ). This result suggests that the breaking of the diurnal tide excites smaller-scale gravity waves. However, the horizontal resolution of their model is about 6°latitude by 6°longitude, so that the excitation of gravity waves by breaking of the diurnal tide cannot be simulated explicitly. Investigation of the specific gravity wave excitation mechanism due to tidal breaking will be the subject of a future study.
[34] Using the Mars Climate Sounder (MCS) on Mars Reconnaissance Orbiter (MRO) [McCleese et al., 2007] , Heavens et al. [2010] examined the vertical temperature structure in the middle atmosphere of Mars. Dry convective instabilities frequently appear in the middle atmosphere. They propose that this instability region in the middle atmosphere is caused by gravity wave saturation. They also showed that the instability region has diurnal variability. This means that the diurnal tide modulates the instability's spatial and temporal structures. However, the relation between the dry convective instability and the diurnal tidal activity is not clear. Thus, the comparison between the observed instability region and the global distribution of the tidal and gravity wave activities obtained in this study is required.
Comparison of Mars's and Earth's Gravity Waves
[35] In order to compare the mechanisms by which gravity waves are excited in the atmospheres of Earth and Mars, we performed additional GCM simulations for Earth and followed analysis methods similar to the ones we applied to Mars. Fujiwara [2008, 2009] investigated the characteristics of gravity waves in Earth's middle and upper atmospheres using a high-resolution GCM, which is the same GCM used in this study. The horizontal resolution is 1.4°× 1.4°in the latitude and longitude directions. This resolution is high enough for the purpose of investigating gravity waves whose horizontal wavelength is larger than about 300 km. The frequency-zonal wave number distribution of gravity waves during the summer season of the Northern Hemisphere (from 1 June to 14 June) is examined using the same space-time Fourier analysis method referred to above.
[36] Figure 13a shows the frequency-altitude distribution of the spectral density due to the zonal wind component at the equator for s = 20 (l x ≈ 2000 km). Figure 13a is the equivalent of Figure 3a except that it extends to an altitude of 200 km. In Earth's troposphere, low-frequency components are dominant. The dominant frequency (period) of gravity waves increases (decreases) with increasing altitude. For example, the dominant periods for gravity waves at 40, 70, 100, and 200 km are 16, 8, 6 , and 2 h, respectively. It is noteworthy that the discrete peaks due to the diurnal and semidiurnal tides are not found at all heights. Figures 13b-13d show the frequency-altitude distributions of the spectral density of the zonal wind for s = 40 (l x ≈ 1000 km), 60 (l x ≈ 650 km), and 80 (l x ≈ 500 km), respectively. The features of the distribution of spectral density for s = 40, 60, and 80 are rather similar to those for s = 20. The dominant period and Medvedev [ , 2010 , and showed that gravity waves with a shorter period, which have larger vertical group velocity, could penetrate into higher altitudes to overcome dissipation processes in the thermosphere, such as molecular viscosity and ion drag force. These short-period gravity waves propagate from the lower atmosphere to the thermosphere, although the amplitudes associated with the short-period components are very weak in the lower atmosphere.
[37] The comparison of Figures 3 and 13 reveals some of the differences between the two atmospheres when it comes to gravity waves. In Mars's atmosphere, spectral peaks due to diurnal, semidiurnal, and terdiurnal tides are dominant below 50 km altitude. Also, in the Martian lower atmosphere, the spectral density due to nontidal gravity waves is negligibly small. On the other hand, in Earth's atmosphere, the peaks associated with tides are not as discrete as on Mars, and a broad and more homogeneous distribution of the spectral density is prevalent.
[38] In order to illustrate the excitation sources of gravity waves on Earth, we examine their global distribution. Since the short-period components are dominant in the mesosphere and thermosphere, we extract the zonal wind components with a period of less than 8 h using a high-pass filter. Figure 14b shows the global distribution of the kinetic energy per mass unit due to gravity waves (period < 8 h) with s > 5 at 30 km altitude. The gravity wave energy is enhanced at low latitudes, and shows significant longitudinal variability. The energy maximum is located at 100°E-180°E (from Southeast Asia to the western Pacific). Other peaks near the equator are found at 30°E-60°E and 270°E-300°E.
At 20°N-30°N latitudes, there is a weak peak of the gravity wave energy near the southern part of China (90°E-140°E). Figure 14a shows the global distribution of the rainfall rate. The distribution of the gravity wave energy at 30 km altitude is closely related with that of the rainfall rate. This correlation is explained by the fact that the gravity waves are mainly generated by cumulus convection [Miyoshi and Fujiwara, 2009] .
[39] Figures 14c and 14d show the global distribution of the gravity wave energy at 50 and 90 km, respectively. The maximum region of the gravity wave energy at 50 km stretches from Southeast Asia to the western Pacific. This enhanced region moves eastward with increasing altitude and spreads over to higher latitudes. The maximum activity region at 90 km is located around 150°E-160°E.
[40] At 150 km altitude ( Figure 14e ) the maximum in gravity wave energy is found over the Pacific Ocean, other peaks appear at high latitudes of the Southern Hemisphere. The positions and shapes of the energy peaks at 300 km (Figure 14f ) are quite similar to those at 150 km. These results show that the energy peak over the Pacific Ocean at 150 and 300 km altitudes are related to the cumulus convection at the region from Southeast Asia to the western Pacific. On the other hand, energy peaks at high latitudes are probably due to the traveling atmospheric disturbances generated by the energy precipitation from the magnetosphere [Fujiwara and Miyoshi, 2006] .
[41] On the basis of this analysis, we can conclude that the cumulus convective activity is important for the excitation of nonorographic gravity waves in Earth's atmosphere. It is noteworthy that the longitudinal distribution of the cumulus convective activity affects that of the gravity wave energy in both the middle and upper atmosphere layers. In the atmosphere of Mars, it appears that the topography plays a bigger role in the excitation of gravity waves in the lower troposphere, and this also seems to be a mechanism through which noticeable amounts of momentum are transferred to the upper troposphere and mesosphere of Mars, thus altering the general circulation. Diurnal and semidiurnal tides, which are prominent waves on Mars, seem to be a major source of gravity waves in the upper troposphere and middle atmosphere of Mars. The energy contained in these tides cascades down to gravity wave scales when they dissipate.
Summary and Conclusions
[42] Using a Mars GCM, we examined the sources and features of gravity waves in the Martian atmosphere. A spacetime Fourier analysis reveals that tidal components, such as diurnal, semidiurnal, and terdiurnal tides, are predominant in the lower atmosphere. It is noteworthy that the diurnal and semidiurnal components having large zonal wave numbers are significant along with stationary components excited by surface topography. On the other hand, the spectral distribution due to nontidal gravity wave components in the lower atmosphere is negligibly small except for the stationary component. In the middle atmosphere, tidal components are significant for s = 1-50, while nontidal gravity wave components are also present. In the upper atmosphere, the discrete spectral peaks due to the diurnal, semidiurnal, and stationary components are less defined suggesting that nontidal gravity waves have amplitudes comparable to the tidal ones.
[43] The spectral density due to stationary components (orographic waves) reaches its maximum at 50 km altitude, and breaking of the stationary component occurs beyond that altitude. The convergence of the vertical eddy momentum flux due to the stationary component produces strong eastward accelerations around 50 km at low latitudes and attenuates the large-scale westward jet. The distribution of the strong eastward acceleration correlates well with elevated terrain and points to its source as being orographic gravity waves.
[44] In order to investigate excitation sources of gravity waves in the middle and upper atmosphere, we analyzed the global distribution of the gravity wave energy at various altitudes. The gravity wave energy in the middle and upper atmosphere is enhanced at the same altitudes where diurnal or semidiurnal tides are large. This suggests that gravity waves are mainly generated by breaking/dissipation of diurnal and semidiurnal tides above the lower atmosphere. However, theoretical studies about the generation of gravity waves by breaking of the tides have not been explored. These topics will be a subject of the future study.
[45] These findings agree relatively well and complement the only observational study available on Martian gravity waves. We confirmed the importance of surface topography in exciting gravity waves capable of affecting the large-scale circulation. However, some differences between gravity wave activity discovered in the present study and those in the observations are also found. Some discrepancies of the gravity wave activity exist around 0°E-60°E in low latitudes, over Halles Planitia and over high latitudes of the Southern Hemisphere. Further investigation is necessary to comprehend these discrepancies. We also identified tidal activity as an important source of gravity waves. There are few observational studies concerning the horizontal distribution of the gravity wave activity in the middle atmosphere (30-90 km altitudes). Additional comparisons between the simulated gravity wave activity in the middle atmosphere and that revealed in the observations are necessary to make the behavior of gravity waves in the middle atmosphere of Mars more clear.
[46] We examined the sources and features of gravity waves during the northern summer season. The horizontal distributions of the diurnal and semidiurnal amplitude are expected to differ with seasons. This suggests that the horizontal distributions of gravity wave activity during the northern winter season and equinoctial season are likely to be different from those during the northern summer season. Further analyses concerning seasonal variability of the gravity wave activity are required.
[47] In contrast to Earth, the diurnal and semidiurnal tides having large zonal wave numbers are clearly defined on Mars and gravity waves are closely related with diurnal and semidiurnal tides. While cumulus convection is identified in this and other studies as being the dominant source of gravity waves in the middle atmosphere of Earth, major tides appear to play an analogous role on Mars.
